Liquid-vapour interfaces govern the behaviour of a wide range of systems but remain poorly understood, leaving ample margin for the exploitation of intriguing functionalities for applications. Here we systematically investigate the role of liquid-vapour interfaces in the transport of water across apposing liquid menisci in osmosis membranes comprising short hydrophobic nanopores that separate two fluid reservoirs. We show experimentally that mass transport is limited by molecular reflection from the liquid-vapour interface below a certain length scale that depends on the transmission probability of water molecules across the nanopores and on the condensation probability of a water molecule incident on the liquid surface. This fundamental yet elusive condensation property of water is measured under near-equilibrium conditions and found to decrease from 0.36±0.21 at 30°C to 0.18±0.09 at 60°C. These findings define the regime in which liquid-vapour interfaces govern nanofluidic transport and have implications on understanding of mass
transport in nanofluidic devices, droplets and bubbles, biological components, and porous media involving liquid-vapour interfaces.
Transport of fluids through nanoscale conduits in nanofluidic devices and porous media is important in a variety of technological applications including biosensing 1, 2 , energy storage and conversion 3, 4 , biological and chemical separations 5, 6 , and water desalination 7 . While nanofluidic investigations have focused on solid-liquid interfacial phenomena such as surface chargegoverned transport [8] [9] [10] and enormous slip lengths 11 , two-phase flows involving liquid-vapour interfaces are readily found in nanofluidic environments including in capillary condensation, evaporation and cavitation in nanochannels 12, 13 , transport through hydrophobic membranes 14, 15 and porous materials such as zeolites 16 , as well as in the dynamics of nanoscale droplets and bubbles 17, 18 . Liquid-vapour interfaces involve a phase transition and corresponding heat and mass transport resistances that are usually negligible in macroscopic systems 19 , but can govern the behaviour of nanoscale systems.
In this article, we investigate the fundamental role of liquid-vapour interfaces in the transport of water across osmosis membranes wherein two liquid phases are separated by nanoscale vapour gaps. We show that interplay between mass transport in the vapour phase and that across the liquid-vapour interfaces leads to the emergence of a new length scale, below which mass transport is governed by molecular reflection at the liquid-vapour interface. This length scale is defined by a dimensionless parameter that has a probabilistic interpretation and depends critically on the condensation coefficient, a fundamental property of the fluid defining the probability with which a molecule incident from the vapour phase condenses on the liquidvapour interface. We also measure the condensation coefficient of water under near-equilibrium conditions, which has thus far proved to be challenging. These results will be useful in the understanding of nanofluidic phenomena involving liquid-vapour interfaces and in the design of nanofluidic systems and materials with two-phase flows.
Osmosis membranes with nanoscale vapour traps
To investigate the role of liquid-vapour interfaces in nanofluidic transport, we designed osmosis membranes comprising nanopores with short hydrophobic regions of tunable length that trap nanoscale pockets of vapour separating two liquid phases ( Fig. 1a ). Such membranes are also potentially useful for water desalination, where the nanoscale pockets of vapour are theoretically predicted to allow for selective transport of water under a mechanical or osmotic pressure difference while rejecting non-volatile solutes 15 . We fabricated the membranes starting with porous alumina with regular and controllable cylindrical nanopores that have found extensive use in nanofabrication 20, 21 . The originally hydrophilic, ~70 nm diameter alumina nanopores were filled with photoresist and then plasma-etched to expose short lengths (200-2500 nm) of the nanopores (Fig. 1b ). The exposed surface was modified with a hydrophobic self-assembled monolayer and the remaining photoresist was then dissolved, creating submicron-length hydrophobic nanopores embedded in the otherwise hydrophilic 50 μm-thick alumina membranes.
The resulting membranes exhibited a hydrophobic top surface with a contact angle of 150.1±3.1° and hydrophilic bottom surface (Fig. 1c) . The length and aspect ratio (AR = l/a, where l and a are pore length and radius, respectively) of the hydrophobic nanopores could be tuned by simply controlling the duration of the photoresist etching step ( Fig. 1d-g) , enabling control over the relative effect of the liquid-vapour interface on water transport as discussed later.
Several lines of evidence demonstrated the integrity of the fabricated membranes. After immersion in an aqueous gold nanoparticle solution, the particles were found to be excluded from regions that were exposed for surface modification, consistent with exclusion of the liquid phase from the hydrophobic nanopores ( Fig. 2a ). Fig. 2a also suggests the creation of sharp twophase interfaces co-located at the position to which the photoresist was originally etched. Over 90% of the nanopores had gold nanoparticles adsorbed up to the hydrophobic-hydrophilic boundaries, indicating good wetting of the hydrophilic surfaces. When two different fluorescent dye solutions were placed on either side of the membrane, confocal microscopy revealed that the solutions did not mix, although the gap between the two solutions was too small to be resolved ( Fig. 2b ). Environmental scanning electron microscopy under water vapour saturation conditions revealed that the top thin hydrophobic layer remained un-wetted ( Fig. 2c ). Finally, electrical conductance measurements showed that that only 0.1-1% of the nanopores were completely wetted (Supplementary Section S4).
Although aqueous solutions on both sides of the membrane are not directly connected, water can be transported across the membrane by evaporation and condensation. We verified vapour-phase transport by using a KCl solution to draw deionized water across the membrane by forward osmosis 22, 23 (Fig. 3a) . A circulating sheath flow of water was used to maintain uniform temperature, and the proximity of the two liquid-vapour interfaces combined with thermal conduction through alumina resulted in a negligible estimated temperature difference (<10 -4 °C).
As expected, the flux of water increased with increasing osmotic pressure difference driving the flow, corresponding to increasing KCl concentration ( Fig. 3b ). Vapour-phase transport was further confirmed by adding a non-volatile dye to the deionized water side. UV-vis spectroscopy showed that the draw solution remained free of the dye even as water was transported across the membrane, corresponding to 99.90±0.025% rejection (Figure 3c , d; error indicates S.D. for three different membranes). With a nanopore diameter of 71.8±23.9 nm, point of zero charge of alumina of about 8-9 24 , and high KCl concentration (1 M), this exclusion cannot be attributed to electrostatic effects. In contrast, in the absence of hydrophobic modification the alumina membranes rapidly allowed salt and the dye to diffuse to the other side. These results confirm that water was transported as vapour-phase in the fabricated membranes, while non-volatile substances were rejected.
Effect of pore length on water transport
We investigated transport of water across membranes with different hydrophobic pore lengths using the same apparatus (Fig. 3a ). The flux decreased monotonically with increasing pore length, corresponding to an increasing pore aspect ratio ( Fig. 4a -c). For long pores, we expect the flux to vary inversely with the pore length, i.e. as AR -1 . While flux through the longer nanopores approaches this inverse scaling (solid line in Fig. 4c ), the scaling breaks down for shorter nanopores, suggesting the emergence of different phenomena governing transport.
To understand this behaviour, we express the mass flux m across a membrane with porosity ε, considering the difference in evaporation rates at the two interfaces as the driving force across a series of transport resistances as follows:
Here, S A (or S B ) is the theoretical maximum evaporation rate from side A (or B), which equals the flux of impinging molecules from the vapour phase under equilibrium. It is directly related to the chemical potential of water and its equilibrium vapour pressure, P vap , through the Hertz hypothesis 25 , i.e.,
) where M is the molar mass of water and R g is the universal gas constant. The driving force ΔS = S A -S B therefore depends on the equilibrium 6 vapour pressure difference P vap,A -P vap,B governed by temperature T, pressure drop P, and salt concentration C at each interface 15 . For isothermal, osmosis-driven flow, ΔS can be simplified as (see Supplementary Section 6)
Here V m is the molar volume of pure liquid water, P 0 vap is the equilibrium vapour pressure of pure water with a flat interface, and ΔΠ is the osmotic pressure difference (ΔΠ = Π B -Π A ) driving the transport. Given that the liquid phases are at ambient pressure, any Laplace pressure drops across the menisci (<1 bar) cancel out and do not affect the flux of water.
denotes the resistance to transport, comprising i) a transmission resistance R t associated with vapour-phase transmission of molecules across the nanopores; and
ii) liquid-vapour interfacial resistances R i associated with reflection of molecules at the liquidvapour interfaces (Figure 4a ). The hydrodynamic resistance to flow in the hydrophilic lengths of the nanopores is negligible.
R t = 1/η, where η is the transmission probability of a gas molecule starting from one end of a pore to reach the other end 26 . R t is dominated by collision of water molecules with pore walls in the Knudsen regime 27 , but is influenced here to some extent by collisions with air molecules as the mean free path of water molecules in air (60-100 nm) 28 is comparable to the nanopore diameter. η monotonically decreases with AR, indicating an increasing probability of a molecule starting at one end to return to the same end before reaching the other end of the pore 29, 30 . For pores with large AR, transport is described by a constant diffusion coefficient and scales as AR -1 .
In contrast, ballistic transport occurs in shorter nanopores causing deviation from the AR -1 relationship. However, the deviation observed in Figure 4c could also arise from the liquidvapour interface that becomes significant for short nanopores (Fig. 4a ).
R i is governed by the probability that a water molecule impinging from the vapour phase condenses into the liquid phase, called condensation (or mass accommodation) coefficient 31 .
Under thermodynamic equilibrium, it equals the evaporation coefficient defined as the flux ratio of molecules emitted (evaporated) from the liquid to that of molecules incident from the vapour phase 32 . In our experiments, the net flux is less than 2% of the flux of impinging molecules from the vapour phase. Therefore, we assume that the two coefficients are equal, denoted by σ. R i is then defined as the ratio of the difference between the maximum evaporation rate and the net (sum of evaporated and reflected) mass flux leaving the interface, to the net mass flux across the interface, i.e., R i = (1 -σ)/σ (see reference 15 ).
Equation 2 explains the monotonic increase of flux with temperature for membranes with a fixed AR of 42.1±2.1 (Fig. 4d ), since P 0 vap increases with temperature. The flux of water normalized by the driving force and membrane porosity (see Eqn. 1) depends only on transport resistance, i.e., m / eDS = 1/ R å . We find that for membranes comprising longer nanopores (AR =
42.1±2.1)
m / eDS is invariant with temperature ( Fig. 4e ). However, for membranes with short nanopores (AR = 9.6±0.7),
While the transmission probability is only geometry dependent 26 , the observed behaviour could reflect temperature dependence of σ as some studies suggest 33, 34 . Any temperature dependence of R i will only affect transport across shorter nanopores, as R i becomes negligible compared to R t for long pores. While these results suggest that the liquid-vapour interface may play a role in the deviation from linearity observed in Figure   4c , we now turn our attention to clarify the magnitude of this effect.
Effect of interfacial resistance on water transport
To accurately quantify the contribution of the interfacial resistance to transport across the membrane, we included the effect of air molecules present in the nanopores. We derived a modified transmission probability (η eff ) using the dusty-gas model that is widely employed for gas flow through porous media [35] [36] [37] . The model accounts for interaction among gas molecules as well with the pore wall, and has been experimentally verified for binary 38 and ternary 39 gas mixtures under conditions varying from Knudsen to viscous regimes. η eff is given by (see Supplementary Section 7 for derivation):
where D wa is binary diffusion coefficient of vapour in air, u is the mean speed of water molecules in vapour phase, and η is the transmission probability in the Knudsen regime. p indicates the total pressure (≤1 bar) inside the nanopores that was estimated as 0. shows that the presence of air molecules at 1 bar decreases the transmission probability by ~35%
for the nanopore geometry considered here ( Supplementary Fig. 5 ). The flux of water can now be written in terms of η eff :
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To isolate the effect of the condensation coefficient, we normalized the flux by that expected for a condensation coefficient of unity (i.e. R i = 0, Fig. 5a ). We find that the normalized flux approaches unity for large AR (longer pores) where we expect the liquid-vapour interfaces to offer minimal resistance, verifying that Equation 4 (which does not have any fitting parameters when R i is negligible) accurately accounts for the transmission resistance. However, for small AR the mass flux is significantly lower than that predicted for zero interfacial resistance, indicating a condensation coefficient less than unity and a significant contribution of the interfacial resistance to transport.
The results demonstrate the existence of two transport regimes: The first regime occurs in large AR pores in which the influence of condensation coefficient (and therefore interfacial resistance)
is negligible and mass flux is governed by the transmission resistance. The second regime corresponds to small AR pores where the interfacial resistance is significant. The two regimes are delineated by a dimensionless parameter ψ ≡ R i /R t = η eff (1 -σ)/σ, given by the ratio of the interfacial and transmission resistances. The effect of the liquid-vapour interface becomes significant when ψ increases (Fig. 5a,b ). ψ has an interesting probabilistic interpretation. When the interfacial resistance is negligible, the outward flux of molecules evaporated from the interface must be S A . This flux constitutes molecules that have directly evaporated, and those that have returned with probability r = (1 -η eff ) and have been reflected from the meniscus with probability (1 -σ). Considering one meniscus and assuming that the other is ideal (σ = 1), the outward flux from the first meniscus is simply given by
( ) = S A / 1+y
( ) . Hence, 1   is the condition for the outward flux from the meniscus to approach that for an ideal meniscus. When σ = 1, the directly evaporated flux equals the ideal flux and there is no contribution from reflection, but when σ < 1, a finite return probability (i.e. η eff < 1) combined with reflection from the meniscus ensures a close to ideal flux if y << 1. Conversely, if we consider molecules incident on the meniscus, for y << 1 molecules impinging on the meniscus either readily condense upon incidence when σ = 1, or if they are reflected when σ < 1, they always return back to the meniscus (η eff << 1) and condense.
On the other hand, for y >> 1, impinging molecules cannot readily condense upon incidence (σ << 1), or the reflected molecules (σ < 1) escape to the other side readily (η eff ≈ 1) so that the chance of condensation on the meniscus is small.
While the interface can govern transport of water, the membrane permeance m / DP measured in this study (see Fig. 4c ) for porosity ~10% is comparable to that of polyamide-based forward osmosis membranes (~6.7x10 -5 kg/m 2 s-bar) 40 , which is ~10 3 -fold smaller than Poiseuille flow through the unmodified membrane. However, vapour-phase transport provides high selectivity for non-volatile substances while potentially retaining flexibility in the choice of membrane material for improving properties such as chemical resistance.
Condensation coefficient of water
The experiments also enable estimation of the condensation coefficient (σ) of water, which has been the subject of long debates and disagreements for nearly a century (See Supplementary   Section 8 ). The difficulty in accurately measuring σ arises from uncertainties in estimating heat and mass transfer resistances and the interfacial temperature in the presence of latent heat transfer [41] [42] [43] , since vapour pressure is a strong function of temperature. As a result, experimental estimates even in relatively recent studies (since 1989) are scattered over almost two orders of magnitude (0.01 to 1) 31, 34, [44] [45] [46] [47] . Molecular dynamics simulations have also yielded varying values depending on the models used 48, 49 . In the experiments reported here, the transport resistance is measured under nearly isothermal conditions (ΔT max < 10 -4 °C). Control of the nanopore geometry also allows for accurate estimation of the mass transport resistance, as verified by excellent agreement of Equation 4 with data in the case of membranes with large AR (Fig. 5a ).
We find that a condensation coefficient of 0.23 describes the experimental results at 39.0°C for the entire range of AR (dashed line in Fig. 5a ). The condensation coefficients estimated at each AR at 39.0°C agree for the small AR pores, while the uncertainties are large at higher AR where the interfacial resistance has a minimal impact on transport (Fig. 5c ). Condensation coefficients estimated at different temperatures for AR = 9.6±0.7 show a decreasing trend (Fig. 5d ), which qualitatively agrees with a recent experimental study 34 reported here overcome many of the major uncertainties involved in measurement of the condensation coefficient, and demonstrate that majority of water molecules incident on the liquid-vapour interface are reflected back into the vapour phase. Although the condensation coefficient measured here is strictly speaking an averaged value of that at the two interfaces, the absence of significant dependence on salt concentration, or the type of anion (Clwas switched with Ithat tends to accumulate at the interface 50 as described in Supplementary Section 11) leads to the conclusion that the measured condensation coefficient is quite close to that of pure water.
Conclusion
In summary, we investigated the transport of water across short hydrophobic nanopores flanked by liquid-vapour interfaces. We fabricated osmosis membranes consisting of hydrophobic nanopores with tunable lengths, and verified vapour-phase transport across the membranes.
Measurements of the osmotic flow of water for different pore aspect ratios, osmotic pressures, and temperatures demonstrate the existence of a mass transport regime governed by resistance of the liquid-vapour interface, which is determined by interplay between the condensation coefficient of water and the mass transfer resistance across the pores. We estimated the magnitude of the condensation coefficient of water at different temperatures under isothermal conditions, and found that it decreases with increasing temperature. These findings would lead to better understanding and prediction of mass transfer through nanofluidic devices, droplets and bubbles, biological components with two-phase interfaces, and porous media.
Methods
See Supplementary information for detailed methods and theoretical analysis.
Fabrication
Porous alumina membranes (1cm x 1cm, Synkera Technology Inc.) with nominal diameter of 100 nm (actual diameter: 71.8±23.9 nm) were annealed at 1,000 °C to transform the material from alumite to γ-alumina to prevent dissolution in water during the experiments (See Supplementary Section 1). Positive photoresist AZ 5214E was placed under vacuum for 16 h to reduce the solvent content. The membranes were placed on a droplet (~7 μL) of the photoresist for 2 h to fill the nanopores and then baked on a hot plate at 100 °C for 50 min to evaporate the solvent. The photoresist was then etched by air plasma in a plasma cleaner (Harrick Plasma Inc.) 13 at 7.16 W and ~0.7 mTorr. The membranes were then briefly washed with an aqueous solution of 5wt% phosphoric acid for about 1 min, dried with nitrogen, and exposed to vapour of perfluorodecyltrichlorosilane (Gelest) overnight in a vacuum desiccator. After majority of the photoresist was removed by washing in acetone, both sides of the membranes were exposed to UV light (~200 W) for 4 min each and the membrane was immersed in 3v/v% aqueous solution of ammonium hydroxide for 30 min to remove photoresist residues. The membranes were then baked overnight at 90 °C. Additional fabrication details are provided in Supplementary Section 1.
Membrane characterization and calculation of flux
For flux measurement, batches of 6 -10 membranes for each AR were fabricated. Membrane porosity was estimated by SEM imaging of randomly selected membranes. Assuming straight nanopores, the portion of area taken by nanopores on the top surface SEM images is regarded as porosity and was calculated by ImageJ software. Effective diameters of the individual nanopores were calculated by assuming circular pore shape having the same cross-section area of each nanopore. The average porosity and nanopores diameter were 9.88±2.13% and 71.8±23.9 nm, respectively. To obtain the average AR, a reference membrane was selected from each batch after plasma etching step and was cleaved to image the cross-section of the membrane by SEM (see Fig. 1d ) and the etch depth was measured at 5 -10 different locations. The distribution of the etch depths and the pore diameters was used to calculate the AR distribution (Fig. 1f ). For flux calculation, sets of ARs were constructed by taking each etch depth divided by the individual nanopore radii measured using SEM. For each set of the ARs corresponding to each etch depth, an equivalent flux-averaged AR was obtained. Finally, the average of such equivalent
ARs was regarded as the average AR for each membrane batch (see Supplementary Section 3 ).
The defect rate (portion of hydrophilic or wetted nanopores) in the membranes was calculated based on impedance measurement across the membranes (See Supplementary Section 4) and was less than 1% in all cases.
Measurement of osmotic flux
The 
